Background: While the burden of community-acquired pneumonia and invasive pneumococcal disease (IPD) is still considerable, there is little insight in the factors contributing to disease. Previous research on the lagged relationship between respiratory viruses and pneumococcal disease incidence is inconclusive, and studies correcting for temporal autocorrelation are lacking.
| INTRODUCTION
Invasive pneumococcal disease (IPD) is the infectious disease with the highest average disease burden in the Netherlands. 1 It shows a seasonal pattern peaking in winter, 2, 3 but little is known about the driver of this pattern. 4 Contributing factors proposed include climate variables, 5 air pollution 6 and cocirculating respiratory viruses. In particular, influenza and respiratory syncytial virus (RSV) 7, 8 are suspected to predispose to pneumococcal infection. 9, 10 Several animal studies document a significant association between pneumococcal infections following an influenza infection, enhancing pneumococcal disease severity 11 and susceptibility. 12, 13 Histopathological studies in deceased and severe human influenza cases during a pandemic outbreak [14] [15] [16] attribute a substantial fraction of influenza deaths to secondary pneumococcal infection. The strength of the interaction between influenza or influenza-like illness (ILI) and IPD at population level, however, varies across studies from non-existent to significant. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Studies looking at specific respiratory viruses also showed inconsistent results. 5, [28] [29] [30] In addition, most studies did not control for seasonality of the pathogens or used a sine/ cosine function to adjust for it. 27 However, this function might not
give the best fit to seasonal trends in infectious diseases: in influenza, for example, the seasonal pattern is a yearly spike, rather than a symmetrical (co-)sine curve around the yearly mean. The common seasonal trend of ILI and IPD makes it difficult to interpret the correlations, as a similar seasonal pattern could reflect a common seasonal driver.
Therefore, we wish to explore the correlation in time between ILI and IPD in the Netherlands at population level, using time-series analyses correcting for temporal autocorrelation within time series.
A method termed pre-whitening adjusts for autocorrelation within time series. 31 It involves using the best-fit autoregressive model to the independent time series, to filter the dependent time series. This then allows to correlate the residuals of the best-fit model to the independent time series with the residuals of the dependent time series (IPD) filtered with this best-fit model. This has been used successfully in areas such as ecology, for example, to quantify the lag between fishing pressure and fish population size. 32 We compared the plain correlation function between the ILI and IPD time series, without adjusting for (seasonal) autocorrelation, with the correlation function after prewhitening. Because temporal patterns in IPD might differ between age groups, we also investigated this temporal correlation in the subpopulation of people aged 65 and older.
| METHODS

| Study setting and population
We conducted an ecological study, comparing weekly incidence rates of ILI and IPD in the Dutch population from week 1 in 2004 to week 25 in 2014. We then focused on different age categories, as factors driving pneumococcal disease development and vaccination effects might differ across age groups. When plotting IPD incidence data by age category (Fig. S1 ), we find that only the subgroup of people aged 65 year or older ("elderly") has high enough incidence to allow for a subgroup analysis.
| ILI and IPD data sources
In the Netherlands, the weekly number of ILI cases was obtained from the Sentinel Practices of NIVEL Primary Care Database. This sentinel network of general practitioners (GPs) covers 0.7% of the total Dutch population ( Figure 1 ). It is representative in age, gender, regional distribution and population density. 33 A reported ILI case was defined as a person who contacted the GP and was diagnosed with ILI according to the criteria of Pel: an acute start (maximum prodromal stage of 3-4 days)
of at least one of the following symptoms: cough, nasal catarrh, sore throat, frontal headache, retrosternal pain or myalgia, accompanied by a rectal temperature of at least 38°C. 34 The weekly incidence of ILI cases was calculated by dividing the reported ILI patients by the total number of patients registered by the participating GPs.
IPD data were obtained from the laboratory-based surveillance system Netherlands Reference Laboratory for Bacterial Meningitis (NRLBM). It receives isolates from blood and cerebrospinal fluid (CSF) of patients with IPD from nine evenly distributed sentinel laboratories ( Figure 1 ) covering 25% of the population. IPD was defined as a case in which S. Pneumoniae was isolated from blood or CSF, so it was not limited to meningitis. 35 The date of blood sampling at the hospital was missing in 0.7% of the records. We used date of sample reception at the laboratory as proxy for IPD notification date. This does result in a mean delay of 7 days in IPD case reporting, as there is approximately 7 days between sampling and testing at the local hospital, and reception for serotyping at the Reference Laboratory for Bacterial Meningitis (data not shown).
The population data of the Netherlands were obtained from statistics Netherlands. 
| Vaccination
The influenza vaccine indication was revised in 2008, lowering the recommended age to start seasonal influenza vaccination from 65 to 60 years. 37 The 23-valent pneumococcal polysaccharide vaccine is not routinely recommended for the older population, and its uptake therefore is negligible. 41 To assess whether PCV7 vaccination was a possible confounder influencing IPD notifications over the study period, we tested whether IPD incidence changed after vaccine introduction. An effect of PCV7
vaccine introduction occurs at different moments in time, depending on the age category considered, due to the cohort effect. We therefore have to split the IPD notifications according to age (Fig. S1) ; only in the elderly population do we have high enough IPD incidence to assess a vaccine effect. We examined whether there was a possible delayed effect of PCV7 vaccination, introduced in children in 2006, on IPD incidence in the elderly population, by fitting a generalized linear mixed model to the IPD counts in the elderly population corrected for population size (GLIMMIX procedure, SAS). We assumed
Poisson distributed counts, adjusted for population size by including the logarithm of the yearly (over 65 years old) population as offset.
Autocorrelation in time was included in the model, and the seasonality was described through a half-sine function. See Supplement section A for details.
| Data transformation and time-series correlation
Weekly ILI and IPD incidences were cross-correlated using the cross-correlation function (CCF). Then, the CCF was used after applying the pre-whitening method, 42 which corrects for autocor- ILI and IPD incidences show a shared seasonal periodicity, peaking during the winter weeks ( Figure 3A ). Note that incidences for ILI and IPD are given per 10 000 and 1 000 000 inhabitants, respectively.
An early ILI peak appears at the end of 2009, the year the influenza AH1N1 pandemic occurred. The ILI incidence peaks varied in time of onset, height and duration between years, while the IPD incidence shows a seasonal pattern that is more constant. In the population aged ≥65 years, the same patterns are seen ( Figure 3B) . Typically, the F I G U R E 2 Schematic of pre-whitening approach for cross-correlation analysis. Both time series are transformed to stabilize the variance; the best-fit SARIMA model to the independent variable is then used to filter the dependent variable. The white noise of the best-fit SARIMA and the residuals of the filtered dependent time series are cross-correlated. Lags with a significant correlation will indicate the time lag between the independent and dependent time series height of ILI peaks in the older group differs from the peak height in the overall population in the same year.
The generalized linear mixed model fit shows that the variable catching the effect of pneumococcal vaccine (PCV7) introduction is not significant, nor the interaction between time in weeks and vaccine introduction ("vaccination" and "time*vaccination" in Table 1 ). Thus, the analysis of the effect of vaccination on IPD incidence in the population of people aged 65 years or older does not suggest a change in notifications, 2 years after introduction of infant IPD vaccination.
The plain cross-correlations between ILI and IPD incidences in the whole population are highest at lags between −3 and −1, reaching 0.45 ( Figure 4A ): ILI incidences show greatest correlation with IPD incidences 1-3 weeks later. Likewise, the cross-correlation in the older age group is highest at lags between -2 to 1 week ( Figure 4B ).
To accomplish pre-whitening, the best-fit SARIMA model was Figure 4D ). This value has the opposite sign of the correlation that is logically expected from IPD being a complication of ILI, so we may attribute this to multiple testing error ( Figure 4D ).
| DISCUSSION
The literature on the lagged relationship between incidence of respiratory viruses and pneumococcal disease incidence is incon- -paralleling our result that (prewhitened) residuals were not correlated. Actually, most studies not correcting for autocorrelation report a temporal association between either influenza and/or RSV with IPD incidence. 5, 18, 20, 25, 28, 29 Strikingly, the study in children up to 16 years of age by Toschke et al., taking into account temporal autocorrelation, showed no association between influenza outbreaks and invasive pneumococcal infection. 27 Similarly, the association between influenza and S. Pneumoniae disappears when taking into account seasonal patterns. 48 Shrestha et al. fitted a between-host transmission model of influenza and pneumococcal infection to surveillance data, to identify the F I G U R E 4 Cross-correlation functions between weekly ILI and IPD incidences (A) in the whole population (B) for elderly (65+) population; pre-whitened cross-correlation functions for same respective groups in (C)-whole population and (D)-elderly, on log-transformed data. The 95% confidence intervals around 0 are indicated by the dashed blue lines most likely mechanism of interaction. 49 They argue that the roughly one-week lag observed between influenza and pneumococcal pneumonia is most likely attributable to influenza-enhanced disease susceptibility. 49 Interestingly, the interaction term could only be inferred from simulated influenza and IPD time series, when the yearly variability in seasonal influenza peak height was considerable, that is a more than fourfold difference in peak height from one season to the next. 49 In our study, the seasonal influenza peak in the population as a whole does not show the "required" variability for a detectable effect analyses should be carried out in age-stratified subpopulations. In this study, only the age category of 65 years and older had high enough weekly IPD incidence for analysis. Still, the cross-correlation between the pre-whitened ILI and IPD incidence time series in the elderly was not significant.
In fact, associations reported in the literature were often not only age-dependent, but also virus-specific. RSV and IPD are associated in infants/children, 5, 17, 26, 29, 30 and influenza and IPD in the elderly. 26, 28, 30 The strongest associations between respiratory viruses and pneumococcal disease occur among the older age groups. 18, 20, 22, 26 We could not analyse RSV nor influenza incidence:
routine virological testing in the Netherlands, carried out only on sampled ILI patients, gives insufficient power for a time-series analysis. Possibly, we miss a temporal correlation between ILI and IPD in the elderly, as there might be more noise in ILI notifications, due to the large proportion of non-influenza ILI, than in influenza notifications. The correspondence between ILI and influenza incidence is at its best at ILI peak, with a positive predictive value around 50% 49 ; as one moves away in time from the peak, the proportion of influenzarelated ILI drops substantially. 51 This would imply that the influenza peak is narrower than the ILI peak. As IPD notifications already tend to show a broader yearly peak than ILI, we would not expect the The pre-whitening method removes the seasonal and other autocorrelative components of the time series compared, thereby also removing them from the cross-correlation analysis. This way, the method tests whether a deviation from the fitted model (residuals) in one series correlates with the model deviation in the other series (residuals filtered series), one or more lags away. In this sense, pre-whitening is a very strict test on cross-correlation; however, it is a necessary transformation when testing for true association between autocorrelated time series 53 . Using this method, we cannot rule out that the observed lagged association between ILI and IPD through plain CCF is due to a common seasonal driver, because the association is lost when carrying out a pre-whitened CCF. In practice, this means that although we cannot rule out that ILI might predispose to IPD, ILI incidence is not a factor driving IPD incidence at population level. Probably, factors other than ILI incidence (more strongly) affect IPD incidence.
In summary, we found no correlation between the residual time series of ILI and IPD in the overall population, nor in the population over 65 years of age. Our study suggests that at population level, previous ILI occurrence does not seem to be the major driver of IPD inci-
dence. An extension of our work would be to derive the pre-whitened cross-correlations between weekly notifications of influenza, RSV and IPD, in a population with a surveillance system for these pathogens, broken down by age. Also, the question of the detectability of possible interaction between respiratory viral infections and susceptibility to IPD through pre-whitened CCF, as a follow-up on Shrestha et al.'s work, 49 might prove an interesting avenue of work.
